To investigate the utility of dynamic contrast-enhanced gradient-echo MR imaging of head and neck lesions and to compare this technique with the commonly used spin-echo contrastenhanced fat-saturation technique. METHODS: Twenty-two patients with a total of 23 head and neck neoplasms underwent dynamic gradient-echo and spin-echo MR imaging studies. The spinecho and dynamic gradient-echo images were compared in each case by consensus of three observers for differences in tumor conspicuity and delineation of margins, particularly with regard to invasion of adjacent structures. When possible, pathologic and/or surgical confirmation of tumor extent was obtained. Relative contrast was also calculated to determine objectively the degree of tumor enhancement with respect to background mucosa. RESULTS: The dynamic gradient-echo images showed better or equal delineation of the tumor margins by subjective observation in all but two cases. Temporally different enhancement patterns were noted for lesions, background mucosa, and adjacent reaction and edema. The dynamic gradient-echo technique provided better relative contrast than the spin-echo technique in 17 (77%) of 22 lesions. CONCLUSION: Dynamic gradient-echo MR imaging is superior to conventional contrast-enhanced spin-echo imaging in delineating the margins and extent of tumor. This technique provided observers with added confidence in their interpretations and suffered from fewer technical limitations.
Accurate assessment of tumor margins and extent of invasion of adjacent structures is essential for proper staging and therapy. Standard spin-echo magnetic resonance (MR) sequences without contrast administration followed by contrast enhancement and fat saturation are commonly used techniques to evaluate head and neck neoplasms. However, these sequences might not accurately define tumor extent because of enhancement of surrounding inflammatory changes or edema or because of the physiological enhancement of normal mucosa and other structures, such as the tongue. Additionally, the lesion might not be evident or can appear smaller if obscured by the physiological enhancement of background tissues.
The use of contrast material in the evaluation of head and neck tumors has been established, particularly with regard to delineation of tumor margins (1) . However, an enhanced tumor is difficult to distinguish from surrounding hyperintense fat, a problem that some authors have attempted to resolve with subtraction techniques (1) . Lesion enhancement is also commonly distinguished from fat by the use of fatsaturation spin-echo imaging, but there are inherent technical problems with this technique, including inhomogeneous fat saturation and water saturation. Additionally, distinguishing tumor from normally enhancing mucosa can be difficult or impossible.
The use of dynamic enhancement to differentiate tumor from adjacent physiologically enhancing tissues has been discussed with regard to the pituitary gland (2, 3) . Previous authors have evaluated the use of dynamic enhancement curves as a method to differentiate benign from malignant neoplasms in the head and neck region, although the success of this method has been questioned by others (4, 5) . The issue of whether this technique has true value in delineating tumor margins and in separating tumor from adjacent physiologically and reactively enhancing tissues has been mentioned in the German literature (6) . The purpose of this study was to compare dynamic contrast-enhanced gradient-echo MR imaging and fat-saturated contrast-enhanced spin-echo MR imaging in terms of lesion conspicuity and delineation.
Materials and Methods
Twenty-two patients with a total of 23 head and neck neoplasms underwent dynamic gradient-echo and spinecho MR imaging studies between May 1995 and February 1996. The lesions studied included 11 squamous cell carcinomas, one presumed recurrence of squamous cell carcinoma, one case of granulation tissue (treated squamous cell carcinoma), three malignant melanomas, one hemangioma, one primary salivary gland neoplasm, one rhabdomyoma, one small-cell metastasis, one multinodular goiter with parathyroid adenoma, and two lesions for which biopsies have not yet been done (Table 1 ). An additional patient with a supraclavicular neoplasm had dynamic imaging but was not included in the study owing to the location of the lesion.
Our imaging protocol for head and neck tumors included sagittal and axial T1-weighted noncontrast spinecho sequences, axial short-tau inversion-recovery (STIR) sequences, axial and coronal T1-weighted contrast-enhanced spin-echo sequences with fat saturation, and dynamic contrast-enhanced axial fast multiplanar spoiled gradient-echo (FMPSPGR) sequences with fat saturation. All images were obtained on 1.5-T MR units. The contrast agent was 0.1 mmol/kg gadopentetate dimeglumine. An initial noncontrast FMPSPGR imaging sequence was performed, and the dynamic sequence was begun during the injection of 10 mL of saline flush. This was accomplished by starting an intravenous line before the procedure and using a length of connecting tubing sufficient to allow injection while the patient remained in the scanner. A saline drip was used to keep the intravenous line patent. After the noncontrast FMPSPGR sequence, contrast material was injected via a port in the connecting tubing without moving the patient. The contrast agent was injected by hand at approximately 1 mL/s and the scan was begun during the injection of saline flush. The duration of the initial scan was approximately 30 to 40 seconds (depending on the number of sections and the repetition time), and the subsequent passes were performed consecutively, without interval delay. Therefore, the start times for each of the first three passes were at approximately 0 seconds, 30 to 40 seconds, 60 to 80 seconds, and, if a fourth pass was The specific parameters for the dynamic gradient-echo series included two-dimensional FMPSPGR with a repetition time (TR) of at least 230 milliseconds, which was extended if additional sections were needed, the minimum allowable echo time (TE) (usually 2 to 4 milliseconds), one excitation, 90°flip angle, 20-cm field of view, 256 ϫ 128 matrix, 32-kHz bandwidth, and fat saturation. The section thickness was generally 4 mm, with a 1-mm intersection gap, although this occasionally varied depending on lesion size. A few of the initial scans were done with a shorter TR. Two to four (generally three) consecutive contrast-enhanced sequences were performed. The dynamic technique was, by necessity, always performed before the contrast-enhanced T1-weighted spin-echo fat-saturation axial and coronal images were obtained.
The parameters for the T1-weighted fat-saturation spinecho technique were 400 -583/10 -14/2 (TR/TE/excitations), 20-cm field of view, 256 ϫ 128 matrix, 16-kHz bandwidth, and fat saturation. The section thickness was 4 mm, with a 1-mm intersection gap, although this occasionally varied depending on lesion size.
The scan times for the gradient-echo sequence were generally between 30 and 40 seconds, but was occasionally increased for a greater number of sections. The scan times for the spin-echo sequence were generally between 4 1 ⁄ 2 and 6 minutes. For the dynamic gradient-echo scans with the shortest scan time of 32 to 33 seconds, 17 to 19 sections were obtained. For the spin-echo sequences up to 6 minutes in length, 18 to 23 sections were obtained. Both sequences could have additional sections with increased scan time. The number of sections with both techniques was adequate for lesion and neck coverage. The comparable spin-echo and gradient-echo sequences were generally performed with similar section thicknesses, intersection gaps, and areas covered. Overall, the section thickness did not differ by more than 1 mm between techniques, and all scans adequately covered the entire extent of the lesion.
The spin-echo and dynamic gradient-echo images were compared in each case by consensus of three observers (two senior neuroradiology fellows and a senior head and neck radiologist) for differences in tumor conspicuity and delineation of margins, particularly with regard to invasion of adjacent structures. Pathologic diagnosis of tumor type was obtained in 20 of the 23 lesions. When possible, pathologic and/or surgical confirmation of tumor extent and margins was obtained. However, not all patients underwent total excision or exploration, and treatment was instituted on the basis of biopsy and imaging findings. Surgical/clinical and/or pathologic correlation of lesion extent was obtained in 13 cases. Contrast-to-noise ratios ([signal intensity of lesion Ϫ signal intensity of background mucosa]/[standard deviation of background mucosa signal]) and relative contrast ([signal intensity of lesion Ϫ signal intensity of background mucosa]/[signal intensity of background mucosa]) were also determined for the contrast-enhanced spin-echo sequences and for each of the dynamic gradient-echo contrast-enhanced passes to determine objectively the degree of tumor enhancement with respect to adjacent normal mucosa evident with each technique.
Results

Subjective Observation
For all but two studies, the observers' certainty in determining the extent of tumor based on degree of enhancement and definition of margins was better or equal with the gradientecho technique than with the spin-echo technique (Table 2 ). Among the other two studies, one was a hemangioma (case 7), which, owing to delayed enhancement of portions of this lesion, did not enhance on the gradient-echo series. If the dynamic gradient-echo sequence had been the only series done, and the case monitored, additional dynamic and delayed sequences could have been performed. Nonetheless, the dynamic technique offered a clue to the histology of the lesion, since the filling in pattern seen was typical of a hemangioma (7) . In the other study, which was of a squamous cell carcinoma of the tongue (case 21), the images were obtained in a coronal plane, and less susceptibility artifact was seen with the spin-echo technique.
It was generally the first and second passes of the gradient-echo sequence that provided the best lesion conspicuity with respect to background mucosa and adjacent muscle. On the later passes, the images more closely resembled the patterns of enhancement seen on the spin-echo sequences; in particular, the lesion and background had similar degrees of enhancement. All lesions depicted with the spin-echo technique were also detected with the gradient-echo technique, although the converse was not true. Three lesions (cases 11, 14, and 22) were definitely detected by the gradient-echo technique only (Figs 1-3) . Even in retrospect, these lesions would probably be ascribed to inhomogeneous enhancement on the spin-echo images, and not reported. A fourth lesion (case 9) was only faintly seen on the spin-echo images (Fig  4) . In each of these cases, the lesions involved the tongue. The lack of lesion conspicuity on the spin-echo sequences was mainly due to enhancement of the tongue and to volume averaging with adjacent enhancing structures, such as the sublingual glands.
In the remaining 17 cases, the gradient-echo technique consistently provided increased observer confidence with respect to assessment of A, On T1-weighted contrastenhanced fat-saturation spin-echo image (450/10/2), lesion (arrow) in the lateral aspect of the tongue is not seen well.
B, On first pass of dynamic gradient-echo sequence (230/3.1/1), the lesion (arrow) is moderately enhancing with respect to the tongue. A, T1-weighted contrast-enhanced fat-saturation spin-echo image (400/10/2) shows questionable enhancement at left side of tongue base (arrows).
B, On first pass of dynamic gradient-echo sequence (230/3.1/1), definite enhancement is seen at left side of tongue base (arrows). At surgery, this proved to be granulation tissue, inflammation, and fibrosis in the location of previously treated squamous cell carcinoma. A, On T1-weighted contrast-enhanced fat-saturation spin-echo image (533/10/1), no enhancement is seen in the area of suspected recurrence (straight arrow).
B, On second pass of dynamic gradient-echo sequence (300/3.1/ 1), a distinctly enhancing lesion is seen in the area of suspected recurrence (straight arrow). This was presumed to represent recurrence clinically as well, and was treated. Note the necrotic, metastatic node (curved arrows in A and B).
lesion margins, absence of vascular invasion or occlusion, and lesion extent. It was these factors that gave the observers greater overall confidence in the gradient-echo technique despite the fact that degree of enhancement was equal to or less than that of the spin-echo technique in eight cases. The first and second passes of the dynamic studies best showed the lesion extent, because of increased lesion conspicuity with respect to background mucosa. Additionally, fat saturation was generally more uniform and more complete with the gradient-echo technique than with the spin-echo technique. In general, the susceptibility artifacts on the gradientecho sequences did not significantly degrade image quality, and sections were obtained to minimize this effect. Owing to the short TE on the gradient-echo sequences (2 to 4 milliseconds), susceptibility artifacts were not that much greater than on the spin-echo sequences.
The vascular flow-related enhancement on the gradient-echo images was judged beneficial in identifying the vascular structures and in assessing vascular invasion. Additionally, this vascular flow-related enhancement could potentially help to differentiate normal vessels from enhancing tumor extending through the foramen. In case 2, the venous structures extending through the hypoglossal canals had greater signal on the gradient-echo images than on the corresponding spin-echo images with respect to adjacent nasopharyngeal carcinoma. On the gradient-echo images, vessel margins were consistently seen more clearly with respect to enhancing tumor and vessel patency and displacement could also be better assessed.
Contrast-to-Noise Ratio and Relative Contrast
One lesion (a parotid Warthin tumor, case 16) is not included in the figures because it had less enhancement than background with both techniques. Two other lesions (cases 2 and 3) that also had negative relative contrast values (less lesion enhancement than background mucosa enhancement) with the spin-echo technique had positive contrast values with the gradient-echo technique, so they are included. In 16 of 22 cases, the contrast-to-noise ratio was greater with the first or second pass of the dynamic gradient-echo technique than with the spin-echo technique. Seventeen of 22 lesions showed better relative contrast with the gradient-echo technique (Fig 5) . In case 14 (Fig 3) , the region in which the lesion was located had higher relative contrast on the spin-echo images than on the gradient-echo images, even though the observers could not identify the lesion on the spin-echo sequences. The increased relative contrast was probably due to volume A, On T1-weighted contrastenhanced spin-echo image (500/ 14/2), lesion (arrow) involving right side of the tongue is mildly enhancing with respect to rest of tongue.
B, On first pass of dynamic gradient-echo sequence (100/3.1/2), the full extent of the lesion (arrows), which now has marked enhancement with respect to rest of tongue, is seen. The extent of the lesion on this sequence corresponded with the surgical extent. averaging with the enhancing sublingual gland, which was adjacent to the lesion.
Discussion
Tissue enhancement is dependent on several factors, including vascularity, capillary permeability, renal clearance, and extracellular fluid composition and volume (8 -13) . Dynamic MR imaging works by capitalizing on the different temporal enhancement characteristics of tissues caused by differences in these factors, enabling differential enhancement between tumors and adjacent physiologically enhancing tissues, and possibly between surrounding edema and inflammation (8, 10 -12, 14, 15) . For example, there is significant enhancement of the intrinsic tongue muscles, and all structures rich in vascularity, such as the pharyngeal mucosa, as well as many neoplasms (1) . All these structures may appear similar on conventional contrast-enhanced MR images, which require an imaging time of a number of minutes. The dynamic technique is better able to differentiate these structures from neoplasm, allowing the investigator to determine the true extent of a lesion.
Contrast-enhanced imaging has been shown to be more sensitive in detecting lesions of the head and neck than is either noncontrast T1-or T2-weighted imaging alone, although not better than these sequences combined (4). The true benefit of contrast-enhanced imaging is in better lesion delineation and better estimation of lesion size, as well as better definition of normal anatomic structures (1) . Initial problems with differentiating enhancing lesions from hyperintense fat have been surmounted with the use of fat-saturation techniques. However, differentiation of enhancing masses from normally enhancing structures needs to be overcome to truly evaluate lesion extent.
The current availability of fast scanning techniques makes the acquisition of multiple sequences immediately after administration of contrast material possible. With the FMPSPGR technique, we were able to obtain a series with adequate signal that covered most lesions of the head and neck in approximately 30 seconds. This rapid scanning enabled multiple sequences to be obtained during the phases of lesion and background enhancement that otherwise would occur during the single contrastenhanced spin-echo fat-saturation sequence.
This dynamic technique therefore enabled us to differentiate lesions from background tissues by their different enhancement characteristics. In the majority of cases in our series, lesion enhancement was greater than that of background tissue (tongue and mucosa) on the initial sequences. Therefore, lesion extent could be better determined on the earlier phases of the dynamic sequence. The delayed gradient-echo sequences were similar to the spin-echo images, as the contrast enhancement reached an equilibrium for all tissues and the differential enhancement characteristics could not be taken advantage of. It was helpful to perform multiple passes, as this ensured obtaining the optimal differentiation between lesion and background, and helped overcome such variables as differences in injection times and circulation rates. These multiple passes do not significantly increase scanning time, as up to four passes can be completed in approximately 2 to 3 minutes, depending on the number of sections obtained.
In four patients (cases 9, 11, 14, and 22), lesions were seen poorly on the spin-echo sequences, and, without the benefit of additional sequences, could have been missed (Figs 1-4) . This was caused by obscuration of the lesion by the physiological enhancement of adjacent tissues (cases 9, 11, and 14,) or by subtle, nonuniform enhancement of the lesion (case 22). Each of these lesions was seen distinctly on the gradient-echo images. The relative contrast was greatest for the first pass of the gradient-echo sequence, further indicating that the lesions were obscured by the background tongue enhancement on subsequent passes and on the longer spin-echo sequence. Our subjective evaluation yielded similar results to the objective findings; however, in one patient (case 14), the second pass was preferred.
Although pathologic or surgical confirmation of lesion margins was not available in all cases, we had some evidence that the spin-echo technique overestimated lesion extent as a result of enhancement of adjacent reaction and/or edema and mucosa (cases 1, 3, 6, 15, 17, and 23) (Figs 6 and 7) . The enhancement of edema and surrounding reaction on delayed images has been noted with treated osteosarcomas (14) . In some of these cases, this perilesional enhancement was assumed, as the lesion boundaries became progressively less distinct with time and on the spin-echo images. In case 3 particularly, it was difficult to separate the lesion from adjacent structures on the spinecho images owing to similar enhancement of lesion and background. However, the lesion's boundaries were clearly evident because of pronounced enhancement on the gradient-echo images, best seen on the first pass (Fig 6) . In cases 6 and 15, the lesions' margins became less distinct on the spin-echo images (Fig 7) ; and in case 1, separation between the lesion and the submandibular gland and carotid sheath became less distinct. At surgery, these adjacent structures were not involved by tumor.
In one patient (case 23), the later gradientecho images and the spin-echo images showed enhancement extending into the submandibular space and apparently increased thickness of the lesion wall. Because this lesion has not been resected, no pathologic confirmation is available as to whether this additional enhancement was reactive or neoplastic. Since this lesion most likely represents a predominantly cystic lymphangioma, with the majority of the lesion located lateral to the mandible, we suspect it is reactive on the basis of our experience with the other cases.
The benefits of the gradient-echo technique were not as evident in the cases of parotid lesions and melanoma. In these cases, delineation of lesion margin and enhancement with the gradient-echo technique were equal to or better than with the spin-echo technique. The parotid lesion (case 16) was less enhancing than its adjacent gland, and therefore did not benefit from the dynamic technique, since it was the lack of enhancement that made it apparent. This lesion was judged to be equally well seen with both techniques, and therefore nothing would have been lost if only the gradient-echo technique had been performed (Fig 8) . One of the three melanomas was hyperintense before contrast administration (case 20) and one, located in the parotid gland (case 18), was seen better before contrast administration. The third was located in the subcutaneous fat of the posterior part of the neck (case 8) and therefore was clearly identified on both sequences. However, the margins of this lesion were judged to be more distinct on the gradient-echo images, mainly because of better suppression of fat. This combined effect of frequency-selective fat A, On T1-weighted contrastenhanced spin-echo image (400/ 14/2), the mass involving the left side of the pharynx is seen mainly because of its size and the distortion of surrounding architecture, but the margins are not well defined (arrows).
B, On first pass of dynamic gradient-echo sequence (230/3.1/1), the lesion is now markedly enhancing with respect to the adjacent tissues, and the full extent of the lesion and its margins are seen (arrows). A, On T1-weighted contrastenhanced spin-echo image (533/ 10/2), the lesion's margins (arrows) are indistinct and its extent is difficult to define, as subtle enhancement involves an extensive area, owing to presumed enhancement of surrounding reaction or edema.
B, On first pass of dynamic gradient-echo sequence (310/2.9/1), the lesion's margins (arrows) are sharply defined, possibly due to the neoplasm enhancing before the surrounding reaction.
saturation and short-TE FMPSPGR imaging has been shown to provide effective fat saturation in the abdomen (16) .
Two cases revealed limitations of the technique. In the patient with the supraclavicular lesion, who was not included in the study, the lesion was in an area that would be better evaluated with computed tomography. With the gradient-echo technique, the lesion was difficult to differentiate from normal vessels in this region owing to flow-related enhancement; and with the spin-echo technique, the lesion was difficult to differentiate from surrounding tissues owing to inhomogeneous fat saturation. The STIR images actually provided the most information. For one of the patients with a tongue lesion (case 21), the dynamic study was obtained in the coronal plane, with suboptimal visualization of the lesion. Although susceptibility artifacts from dental hardware severely limited the gradient-echo sequence, the lesion could still be seen; however, the artifact limited the observers' confidence in defining the lesion's margins. It is possible, however, that the lesion was more conspicuous on the spin-echo images, since its size was overestimated owing to enhancement of adjacent tissue resulting from inflammation and edema.
One patient (case 11, Fig 2) had only granulation tissue and changes associated with radiation necrosis found at surgery in an area of previously treated squamous cell carcinoma. No tumor was found in the area that appeared abnormal at imaging. This represented a falsepositive case for the gradient-echo technique, but demonstrated its sensitivity, since the lesion was not seen on the spin-echo images.
Overall, if a single contrast-enhanced technique is to be used, the dynamic gradient-echo technique has many advantages over the spinecho technique. Subjectively, the gradient-echo technique was preferred by the observers over the spin-echo technique in the majority of cases. The standard measurements of lesion conspicuity (the contrast-to-noise ratio and the relative contrast) differed somewhat from the subjective evaluation, as the features the observers found most favorable with the gradientecho technique were not reflected in these numbers. These features include better definition of lesion margins, better delineation from adjacent structures, and better and more homogeneous fat saturation. So, although the lesions were often seen with both techniques, the confidence of the observers in defining their extent was superior with the gradient-echo technique.
In conclusion, our study demonstrates that dynamic gradient-echo imaging is superior to conventional contrast-enhanced fat-saturated spin-echo imaging in delineating tumor margins and extent. The former technique suffered from fewer technical limitations and provided the radiologists with added confidence in their interpretation. On the basis of the results of this study, the dynamic gradient-echo technique is routinely used at our institution for evaluation of head and neck neoplasms. On T1-weighted contrast-enhanced spin-echo image (533/10/2) (A), the right parotid mass (arrow) is less enhancing than the surrounding gland, but equally well seen on the second pass of the dynamic gradient-echo sequence (230/2.9/1) (B). Therefore, the lesion would have been identified even if just the dynamic sequence had been performed.
